RubisCO, the CO 2 fixing enzyme of the Calvin-Benson-Bassham (CBB) cycle, is responsible for the majority of carbon fixation on Earth. RubisCO fixes 12 CO 2 faster than 13 CO 2 resulting in 13
Introduction
As enzymes involved in autotrophic CO 2 fixation typically discriminate against 13 C versus 12 C, stable carbon isotope ratios have provided far reaching insights into the activities and roles of autotrophs in nature (Hayes, 2001) . Expressed in ‰ as δ 13 C values = [(R sample /R std )-1],
where R sample = 13 C/ 12 C in a sample, and R std = 13 C/ 12 C in the Vienna Pee Dee Belemnite standard; (Hayes, 1993; Coplen, 2011) , biomass δ 13 C values are generally characteristic for the six autotrophic pathways that have been described to date (van der Meer et al., 2000; Berg, 2011) . Thus, δ
13
C values of environmental samples are used to infer which autotrophic organisms and pathways are dominant in a particular habitat. For example, the departure of δ 13 C values of deep-sea hydrothermal vent organisms from those dependent on photosynthetic carbon fixation was used as an early line of evidence that they relied on chemosynthetic carbon fixation (Rau, 1981) . Stable carbon isotope values have also been used to identify trophic links in these difficult-to-observe habitats (Van Dover, 2002; Bergquist et al., 2007; Govenar et al., 2015) and are widely used in terrestrial and aquatic environments in general (Ohkouchi et al., 2015) . Interpretation of δ
C values ranging from those of autotrophs to those in the geological record of ancient rocks is confounded by the scatter measured even among extant organisms using the same CO 2 fixation pathway, and is particularly apparent for organisms using the Calvin-Benson-Bassham (CBB) cycle. For example, samples from the marine photic zone, where CBButilizing phytoplankton provide the majority of carbon fixation, have δ 13 C values ranging from −35‰ to −16‰
(reviewed in (Freeman, 2001; Ohkouchi et al., 2015) . While some of this scatter is due to physiological factors such as carbon concentrating mechanisms (CCMs) (Fielding et al., 1998; Laws et al., 2002) , or physical factors such as temperature (reviewed in Goericke et al., 1994) , studies of RubisCO demonstrate discrimination at the enzymatic level also plays a large role. While there are seven known forms of RubisCO (IA, IB, IC, ID, II, II/III, III) that are catalytically active as carboxylases (Tabita et al., 2008; Wrighton et al., 2016) , five forms (IA, IB, IC, ID, II) are utilized in the CBB cycle widely distributed across Bacteria (chemoautotrophs and photoautotrophs), and Eukarya (chloroplasts of algae and plants; Fig. 1 and Table 1 ). These forms vary in their structure, kinetics and 12 C/ 13 C isotope discrimination. Form I RubisCOs, further subdivided into form IA-ID, consist of eight large (catalytic) and eight small subunits, while form II RubisCOs consist of one or more dimers of a single subunit homologous to the form I large subunits (Selesi et al., 2005; Tabita et al., 2007; Badger and Bek, 2008) . RubisCO form I large subunits and form II share only~30% amino acid sequence identity overall, while within form Is, sequence identity is up to~80% (Tabita et al., 2007) , with all five forms sharing amino acid identity in the CO 2 binding and catalytic sites (Satagopan et al., 2014) .
Given this heterogeneity in enzyme structure, diversity of organisms, physiologies and habitats, it is not surprising that RubisCOs exhibit variable kinetics, with K CO2 values from 5 to > 250 μM (Badger et al., 1998; Tabita, 1999) . Further, RubisCO also has oxygenase activity and the different forms range in selectivity for substrate CO 2 versus O 2. Expressed as a specificity factor (Ω = K O2 V CO2 /K CO2 V O2 ), organisms exposed to high O 2 concentrations (e.g., oxygenic photoautotrophs) typically (Roeske and O'Leary, 1984; Guy et al., 1993; Scott et al., 2004a) ; N. tabacum: (McNevin et al., 2007) ; Synechococcus elongatus: (Guy et al., 1993) ; S. costatum: (Boller et al., 2015) ; E. huxleyi: (Boller et al., 2011) ; R. rubrum, as a range, as per S. oleracea above: (Roeske and O'Leary, 1985; Guy et al., 1993; McNevin et al., 2007) ; R. pachyptila: (Robinson et al., 2003) The scale bar is proportional to number of substitutions per site.
have form I RubisCOs (Ω = 35 to 240), while those inhabiting low O 2 or high CO 2 habitats have form II RubisCO (Ω = 10 to 45) (Jordan and Ogren, 1981; Badger et al., 1998; Tabita, 1999) . Many chemosynthetic and photosynthetic bacteria (excluding Cyanobacteria), availing themselves of this catalytic versatility, have both form I and form II RubisCOs, which are differentially expressed in response to CO 2 concentrations (e.g., Yoshizawa et al., 2004) . (Ohkouchi et al., 2015) . Unlike intact autotrophic organisms, in which isotope discrimination may be strongly influenced by temperature, CO 2 concentrations and other factors (reviewed in Goericke et al., 1994) , isotope discrimination by purified RubisCO appears to be relatively insensitive to reaction conditions, including pH (Roeske and O'Leary, 1984; Guy et al., 1993) and the decreasing CO 2 concentrations present during measurements of isotope discrimination (Scott et al., 2004a; Boller et al., 2011; . Therefore, RubisCO ε values are important baselines for interpreting δ 13 C values of autotroph biomass.
RubisCO ε values determined to date vary considerably, ranging from ε =11‰ to 29‰, and do not appear to be correlated with RubisCO phylogeny (Fig. 1 ) (Roeske and O'Leary, 1984; 1985; Robinson et al., 2003; Scott et al., 2004a; McNevin et al., 2007; Boller et al., 2011; . Indeed, substantial heterogeneity is apparent even within a given form of RubisCO, for example, ε values from form ID enzymes differ by > 7‰ (Fig. 1 ) (Boller et al., 2011; . This lack of correlation of phylogeny with ε value mirrors what has been observed for Ω values; closely related RubisCOs can vary considerably in this parameter as well (Horken and Tabita, 1999) .
Indeed, replacement of a single amino acid lowered the ε value of Nicotiana tabacum RubisCO by 16‰ (McNevin et al., 2007) . This variation in kinetic parameters highlights the danger in extrapolating these values among enzymes.
Substantial effort has been taken to understand the factors driving the kinetic diversity of RubisCOs (reviewed in Tabita, 1988; Tabita et al., 2007) . It has been suggested that small differences in active site architecture drive the differences in Ω values, with those enzymes whose active site substrate binding space most strongly resembles carboxylated product having the largest Ω values (Tcherkez et al., 2006) . These differences have also been suggested to be driving the differences in ε values as well, with the hypothesis that the more product-like, 'bent' confirmation of the CO 2 molecule in the active sites of enzymes with larger Ω values would favour 12 CO 2 versus 13 CO 2 , and a correlation between ε values and Ω values was noted (Tcherkez et al., 2006) . Attempts to connect ε values and other kinetic parameters to structural factors will be considerably strengthened by studying RubisCOs representing the full diversity of this enzyme. ε values for form IC RubisCOs have yet to be determined. Form IC RubisCO gene sequences are commonly detected in samples collected from soil, lakes, rivers and estuaries (Selesi et al., 2005; Tolli and King, 2005; Nigro and King, 2007; Brauer et al., 2011; Yuan et al., 2012; Wu et al., 2014; Alfreider et al., 2017; Lynn et al., 2017) as well as the open ocean (Caspi et al., 1996; Pichard et al., 1997) . Facultative autotrophs with form IC RubisCOs are commonly cultivated from soil, lake and river samples; these Alpha-proteobacteria and Beta-proteobacteria may be responsible for the molecular detection of form IC enzymes from these habitats (e.g., Brauer et al., 2011) . The role these organisms play in situ in carbon cycling is unknown, and could potentially be addressed isotopically. Here, we characterize the form IC RubisCOs from two cultured representatives, model organisms Rhodobacter sphaeroides and Ralstonia eutropha. The genes encoding the large subunits of these two form IC RubisCOs, share 85% nucleotide and 90% amino acid identity, and are representative of the form IC lineage (Fig. 1) .
Rhodobacter sphaeroides, a member of Alphaproteobacteria, is capable of astonishing metabolic versatility, growing as a nonoxygenic photolithoautotroph, chemolithoautotroph and heterotroph (McEwan, 1994) . It is a model organism for the study of photosynthesis, carbon fixation and gene regulation (reviewed in Mackenzie et al., 2007) . Most strains carry genes for form IC and II RubisCOs (Tabita, 1988) . Both are expressed in the absence of organic carbon (Jouanneau and Tabita, 1986) , and form IC may be preferentially expressed under low CO 2 conditions (Tabita, 1988) . One R. sphaeroides strain (ATCC17025) has a form IA RubisCO on one of its megaplasmids (Badger and Bek, 2008) ; the logistics of tripartite RubisCO expression in this strain have not been addressed. Ralstonia eutropha (Cupriavidus necator; (Vandamme and Coenye, 2004) , a member of Betaproteobacteria, is also versatile; this model organism can be grown chemolithoautotrophically with H 2 as electron donor or heterotrophically (Bowien and Kusian, 2002) . It can be engineered to synthesize biofuels autotrophically (Li et al., 2012; Muller et al., 2013) and is among the microorganisms being studied for sustainable production of these compounds (Dürre and Eikmanns, 2015) . The R. eutropha genome encodes two copies of form IC RubisCO genes; one copy is present on one of its two chromosomes while the other, which is 96% identical in nucleotide sequence, is found on its megaplasmid (Bowien et al., 1990; Kusian et al., 1995; Pohlmann et al., 2006) . RubisCO activity is derepressed when organic carbon is absent from the growth medium, particularly when CO 2 concentrations are low (Friedrich, 1982) ; reviewed in reference (Tabita, 1988) .
We determined the ε values of the chromosomally encoded RubisCOs from R. sphaeroides and R. eutropha using the high-precision substrate-depletion method (Guy et al., 1993; Robinson et al., 2003; Scott et al., 2004a; Boller et al., 2011; . Determining the ε values of form IC RubisCOs expands our knowledge of ε values to all of the RubisCO forms used in the CBB cycle. This information is critical for the interpretation of δ 13 C values of environmental samples and cultures of microorganisms that use the CBB cycle for autotrophic carbon fixation, and for understanding possible links among the catalytic parameters of diverse RubisCOs.
Results and discussion
Recombinant RubisCOs from R. eutropha and R. sphaeroides were purified and were highly active (1.5 to 2.2 μmol CO 2 fixed min −1 mg −1 ). During measurement of isotope discrimination by these enzymes, the isotope ratio of the DIC in the reaction syringe became increasingly 13 C-enriched (Fig. 2) , consistent with preferential fix- Independent replicate experiments with each enzyme (5 for R. eutropha, 9 for R. sphaeroides) were consistent and had nonoverlapping 95% confidence intervals (Table 2) , with the R. sphaeroides enzyme fractionating more (ε = 22.4‰; 95% CI = 21.1‰-24.0‰) than enzyme from R. eutropha (ε = 19.0‰; 95% CI = 17.5‰-20.4‰). One replicate experiment with R. sphaeroides had an ε = 29.6‰, notably larger than the other eight (21.1‰ to 24.8‰) and outside the 95% confidence interval of their mean value (Table 2 ). This replicate was considered an outlier and removed to calculate the ε value presented here. These ε values, the first to be measured for Form IC RubisCOs, further emphasize that different forms of RubisCO discriminate against 13 CO 2 to varying degrees, and that this variation must be taken into consideration when evaluating environmental δ 13 C values. There is virtually no overlap between the ε values of the different form I RubisCOs measured to date (Fig. 3) . With one exception, that of the cyanobacterium Synechococcus elongatus (ε = 22‰), the different form Is are distinct even within the two more closely related groups, the , as it is consumed by RubisCOs from Ralstonia eutropha (A) and Rhodobacter sphaeroides (B). Different symbols indicate different experiments. Lines were drawn using the modified version of the Rayleigh distillation equation described in the methods, using the average ε value from multiple independent determinations (Table 2) .
IA/Bs and the IC/Ds, with discrimination increasing overall in order: ID (11.1‰, 18.5‰), IC (19.0‰, 22.4‰), IA (24.0‰, 24.4‰) and IB (27.4‰,~29‰). This trend must be verified by additional measurements, as each form is represented by only two or three enzymes. The considerable span between the two measured form ID RubisCO ε values (11.1‰, 18.5‰) highlights the possibility of more ε value heterogeneity within the other form I RubisCOs.
There is sufficient scatter among RubisCO ε values to question the practice of adopting a blanket ε value for RubisCOs. Given how few ε values have been measured, it is likely that more ε value heterogeneity exists. Some clusters (forms II/III and III) are absent ε values, and these remain to be determined. Even among the clusters with measured ε values, sparse sampling (best case scenario: three taxa among IB enzymes) precludes asserting strong predictions or generalizations, for example, the wide use of the ε value for spinach RubisCO.
These variations in isotope discrimination do not appear to correlate with substrate (CO 2 vs. O 2 ) specificity. Such a correlation had been suggested by previous work (Tcherkez et al., 2006) , based on ε values from four RubisCOs (S. oleracea, Rhodospirillum rubrum, Synechococcus elongatus PCC6301, Riftia pachyptila endosymbiont). Since then, five more ε values have been collected and when these are plotted against Ω, a relationship between these parameters is not apparent (Fig. 4) .
It is clear that more RubisCO ε values need to be determined and the factors that influence them, for example, active site configuration, need to be elucidated. Enzymes that fall within clusters (IA -ID, II), even when closely related (Horken and Tabita, 1999) , have very different kinetic parameters (Figs 1 and 4) . It would be of great interest to elucidate the amino acid divergence, and/or residue changes, that have the most impact on ε values, which would provide predictive power for estimating RubisCO ε values when the enzymes are refractory to sufficient purification for ε value determination. Unless an environmental or culture sample is known to be dominated by carbon fixation by a RubisCO with a measured ε value, the wisest course of action is to interpret their δ 13 C values with the entire range of measured ε values.
Experimental procedures

Phylogenetic analyses
Gene sequences from genomes and metagenomes were retrieved from Integrative Microbial Genomes and Metagenomes (https://img.jgi.doe.gov/) (Markowitz et al., 2014) and the National Center for Biotechnology Information/Genbank (http://www.ncbi.nlm.nih.gov/; Supporting Information Table S1 ), aligned via MUSCLE (Edgar, 2004) as implemented in MEGA6.06 (Tamura et al., 2013) , and refined via stringent criteria using GBLOCKS (Talavera and Castresana, 2007) . The 'Find best protein models' tool in MEGA6.06 determined that the model of (Le and Gascuel, 2008 ) was the best model for amino acid substitution, with a Gamma distribution with five categories (G = 1.42) and invariant sites (I = 0.09). Maximum likelihood analysis (Yang, 1994) in MEGA6.06 included bootstrapping with 1000 replicates.
RubisCO cloning, purification and activity determinations
To obtain the large quantities of catalytically active enzyme necessary for these experiments, the form IC genes were cloned from R. sphaeroides and R. eutropha. Genomic DNA was prepared from 5 ml autotrophically grown cultures of R. sphaeroides and R. eutropha, using a Wizard Genomic DNA purification Kit (Promega). Primers were designed for amplifying the entire DNA sequence from the start codon of cbbL through the stop codon of cbbS, and PCR was performed using Primerstar GXL polymerase (Takara). The primers introduced appropriate restrictionenzyme sites for cloning these inserts directly into pET28a, such that the N-terminal histidine tag was in-frame with the start codon of each cbbL. The proteins were expressed in Escherichia coli BL21(DE3) and purified using a two-step procedure that utilizes Ni-NTA affinity (Ni-NTA Agarose; Qiagen) and ion-exchange (UnoQ from Bio-Rad or QSepharose from GE Lifesciences) chromatographies as described previously (Satagopan et al., 2009) . The purity of the enzyme was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Lee and Tabita, 1990) , and enzyme activity was determined radiometrically (Satagopan et al., 2014) .
Isotope discrimination experiments
RubisCO ε values were determined by using the substrate depletion method, in which a buffered solution of RubisCO, carbonic anhydrase (CA), ribulose 1,5-bisphosphate (RuBP) and dissolved inorganic carbon (DIC, = CO 2 + HCO 3 − + CO 3 −2 ) is sealed in a gastight syringe. The ε value was calculated from the changes in the δ 13 C value of the DIC pool as it was consumed by RubisCO (Scott et al., 2004a) .
The substrate depletion method requires the enzyme to consume a large amount of substrate CO 2 (50--75 μmol) in order for the isotope ratio of the remaining DIC to be skewed sufficiently to obtain an accurate ε value (equations provided below). As RubisCOs have low catalytic activities (Spreitzer and Salvucci, 2002) , each incubation requires a large amount of purified RubisCO (approximately 20 mg).
To prepare for ε value determination, 20 ml of reaction buffer (RubisCO buffer without NaHCO 3 ) was sparged with N 2 and 1 mg of bovine carbonic anhydrase (CA) was added. This solution was filter-sterilized and loaded into a glass gastight syringe sealed with a septum. RubisCO was desalted into RubisCO buffer (50 mM bicine pH 7.5, 25 mM MgCl 2 , 5 mM NaHCO 3 , 1 mM dithiothreitol), using PD-10 columns (Amersham Biosciences, NJ). Filter-sterilized NaHCO 3 (final concentration of 5 mM) and RubisCO (~1 mg/ml) were added to the reaction syringe and activated for 10-15 min. The reaction was started by injecting freshly synthesized RuBP (~5 mM) (Scott et al., 2004a) into the syringe, and was maintained at 25 C. Reaction progress was monitored by removing samples and injecting them into a gas chromatograph to measure the DIC concentration (Dobrinski et al., 2005) . Samples were removed from the reaction syringe over a 4-8 h time course, acidified with 43% phosphoric acid and injected into a vacuum line to cryodistill the DIC (Scott et al., 2004a) . The cryodistilled DIC samples were sent to the Boston University Stable Isotope Facility for δ
13
C determination with a Finnigan Delta-S isotope ratio mass spectrometer (values reported with respect to VPDB, with replicability AE0.1‰).
ε values were derived from the DIC concentrations and δ 13 C values by using a modified version of the Rayleigh distillation equation (Scott et al., 2004a) : The ε values were calculated from the slope of this line (ε = (α − 1) × 1000), and data from multiple runs were averaged using Pitman estimators (Scott et al., 2004b) .
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